We put a spotlight on the exceptional magnetic properties of the metamagnetic Heusler alloy (Ni,Co)-Mn-Sn by means of first principles simulations. In the energy landscape we find a multitude of local minima, which belong to different ferrimagnetic states and are close in total magnetization and energy. All these magnetic states correspond to the local high spin state of the Mn atoms with different spin alignments and are related to the magnetic properties of Mn. Compared to pure Mn, the magneto-volume coupling is reduced by Ni, Co, and Sn atoms in the lattice and no local low-spin Mn states appear. For the cubic phase we find a ferromagnetic ground state whereas the global energy minimum is a tetragonal state with complicated spin structure and vanishing magnetization which so far has been overlooked in simulations.
The giant magnetocaloric effect (MCE) has attracted huge attention being viewed as environment friendly alternative for common cooling devices especially after the observation of this effect at room temperature in 4f alloys, such as Ga 5 Si 4−x Ge x 1,2 . This caloric effect is related to a first order magneto-structural phase transition at the martensitic transition temperature T M . Below T M a small external magnetic field can induce the metamagnetic transition, a feature which allows for giant adiabatic temperature changes. But 4f alloys also bring their own environmental problems into the picture and today the search rare earth free alternatives working at ambient conditions is in full swing. Recently Mn-rich Ni 2 -Mn based Heusler alloys especially, Ni-Mn-In, Ni-Mn-Ga, and Ni-Mn-Sn, became the focus of attention [3] [4] [5] [6] [7] [8] [9] . In particular Ni-Mn-Sn alloys with large refrigeration capacity at ambient temperatures are promising for applications 10 . In all these Ni-Mn based alloys, a subtle interplay between ferromagnetic and antiferromagnetic interactions has been observed. With increasing Mn concentration, the antiferromagnetic interactions increase resulting in a reduced magnetization, especially in the low temperature phase. At the same time T M increases systematically 7, 11, 12 .
In addition, the substitution of small amounts of Ni by Co can be used to optimize the effect as magnetic and structural transition temperatures and magnetization are modified 6, 9, [13] [14] [15] . So far the application is handicapped by the irreversibility of the caloric response 10, [16] [17] [18] [19] and a fundamental understanding of the magnetic phases and their impact on the metamagnetic transition is urgently needed for further optimization. The magnetic properties of Ni(Co)-Mn-(Sn,Ga,In) are far from being understood; paramagnetic, ferromagnetic, antiferromagnetic, non-collinear, spin-glass phases, FM clusters in an AF matrix, exchange bias phenomena, and reoccurrence transitions, all have been found -depend- * Electronic address: anna@thp.uni-due.de ing on temperature, composition, field treatment, and sample preparation 7, 12, [14] [15] [16] [17] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . We concentrate on Ni 43 .75 Co 6.25 Mn 43.75 Sn 6.25 (Ni 7 CoMn 7 Sn). Our interests are the stability of different magnetic structures and the first order transition from antiferromagnetic like spin alignment at low temperature to ferromagnetic order at high temperatures as in Mn 3 Ga 31 or FeRh 32 . In addition, the long-range magnetic order maybe be broken in Ni 7 CoMn 7 Sn due to the large atomic disorder, and competing FM and AF trends may be possible at all temperatures.
In order to shed light on the magnetic structure of the alloy we make use of the fixed spin moment approach and constrain the overall magnetic moment of the simulation cell. This approach has been used successfully to sample the different magnetic phases of 3d elements [33] [34] [35] and to discuss the influence of an external magnetic field in Ni 2 MnIn 36 . Our inspection of the energy landscape as a function of magnetization reveals a local energy minimum for each state with all Mn atoms being in their high-spin state. The local minima for different relative orientations of the Mn spins are close in energy and magnetization. For realistic system sizes, the large number of minima may allow for thermally activated spin-flip transitions in the cubic material. For the tetragonal low temperature phase of Ni 7 CoMn 7 Sn we find an antiferromagnetic ground state which has not been taken into account previously.
The paper is organized as follows: Technical details are given in Sec. 1 and the Appendix. Our results for the structural and magnetic properties are presented in Sec. 2 and the energy landscape for different values of the magnetization for pure Mn and Ni 7 CoMn 7 Sn is discussed in Sec. 3. Conclusions and outlook can be found in Sec. 4. 39 , and convergence of the total energy to 10 −6 eV guarantee high accuracy of our results. In order to improve the convergence with respect to the k-mesh further, a Methfessel-Paxton smearing of 0.1 eV has been used.
TECHNICAL DETAILS
We have applied the fixed spin moment approach 40 as implemented in the VASP code, i.e. the relation between majority and minority spins has been fixed to stabilize certain values of M tot . As non-collinear coupling between an external field and magnetic moments, as well as spinflip transitions, are not accessible with this approach, no direct link exists between an external magnetic field and this imposed constraint. Furthermore we have fixed M tot , neglecting different possible staggered magnetizations in the anti-or ferrimagnetic states. Thus in principle, we obtain the most favorable staggered magnetization for each M tot . Due to the finite energy barriers for transitions between magnetic phases with different symmetries, which are connected by spin flip transitions, we can account for these metastable states in our simulations at zero temperature. These different spin states persist if we release the constraints on the magnetization.
Additionally, we have used the AkaiKKR package 41 in order to determine the pairwise magnetic exchange parameters employing Liechtenstein's formula 42 in the framework of the KKR approach. Muffin-tin potentials and the GGA PW91 approximation 43 together with a maximal angular momentum of 3 have been used. For the self-consistence iteration of the cubic or tetragonal cell, and the calculation of the magnetic exchange interactions, 29, 59 , and 512 k-points have been taken into account. For this part of the calculations atomic relaxations have been neglected and the lattice constants as obtained by the supercell calculations have been used. While the supercell simulations are based on one chosen distribution of excess Mn and Co atoms, cf. appendix, the coherent potential approximation, as used in the KKR simulations, allows for a uniform distribution of atoms on each sublattice. Despite the fact that the two methods applied in this study differ in the accuracy of the used potentials (muffin tin vs. PAW) and the description of disorder (CPA without short-range interactions vs. local disorder in a super cell), both approaches yield comparable magnetic phases and magnetic moments, e.g., magnetic moments of 1.0 µ B /f.u. and 7.7 µ B /f.u. have been consistently found for the ferri 1 and FM states, respectively. Analogous it has been shown for several Heusler alloys in Ref.
44 that the local interactions, which are ne- glected in CPA, have little influence on the electronic and magnetic structure. The pairwise magnetic exchange interactions up to the distance of 3 lattice constants have been used as input for a classical Heisenberg model in order to determine the magnetization at finite temperatures (M (T )) by means of Monte Carlo simulations, cf. Ref. 15 . Here, M (T ) has been modeled in cooling simulations for both structural phases separately within a simulation cell containing at least 3456 atoms with random distribution of Mn ex and Co atoms.
MAGNETIC AND STRUCTURAL PROPERTIES
Ni 7 CoMn 7 Sn crystallizes in the L2 1 structure, which is composed of four interpenetrating face centered cubic lattices, see Fig. 1 . It is known from literature that Co atoms mainly occupy Ni sites whereas the additional Mn ex atoms occupy Sn sites 22, 23, 26 . Under cooling, the cubic structure is destabilized at the martensitic transition temperature (T M ). A systematic experimental investigation of the structural properties of Ni-Mn-Sn in dependence of Mn concentration and temperature has been performed in 28 . For high temperatures and well below T M , only the non-modulated L2 1 (cubic), and L1 0 (tetragonal, c/a > 1) phases have been observed. It has been found that T M increases systematically with the Mn excess atoms similar to Ni-Mn-Ga and Ni-MnIn 7 . For at least 8.4 valence electrons per atom only L2 1 and L1 0 have been found whereas different modulated phases exit for lower Mn concentration. In particular, the 7M phase has been found as transition state between L2 1 , and L1 0 for the chosen composition (8.24 valence electrons per atom). The 7M phase corresponds to a modulated tetragonal phase with c/a < 1 and superimposed monoclinic distortions. Alternatively this phase In the current paper we have extracted the pair-wise magnetic exchange interactions for both these configurations and used them as input for a classical Heisenberg model. Figure 2 shows the resulting temperature dependent magnetization. For the cubic phase we find an ordered magnetic state below the transition temperatures of T C ∼ 300 K and T C ∼ 400 K for the ferri 1 and FM reference state, respectively. In qualitative agreement with non-collinear ab initio simulations, we find a canting of the Mn spins in our MC simulations, resulting in a reduction of the magnetization compared to the FM collinear state, compare Tab. I. For the tetragonal phase (c/a=1.28) we find an antiferromagnetic phase (mix 1 ) without overall magnetization in the whole sampled temperature range (5-800 K), in agreement with the long-rage AF state found experimentally for the martensitic phases for Mn-rich Ni-(Co)-Mn-Sn alloys 19, 47, 48 . We note that in experiment non-ergodic phenomena and exchange bias coupling in these samples could be related to embedded FM clusters. Such clusters are not accessible for the chosen size of the simulation cell and the random but uniform distribution of Co and Mn atoms.
The exceptional modifications of the magnetic phase diagram with strain and the magnetic reference configurations can be understood in terms of the frustrated magnetic interactions, see Fig. 3 . In all cases, localized ferromagnetic Mn-(Ni/Co) interactions compete with Mn-Mn interactions which oscillate between AF and FM with the atomic distances. In full agreement localized FM Mn-Ni and Mn-Co inter-sublattice and oscillating intrasublattice Mn-Mn interactions have been found in various Mn based Heusler alloys [49] [50] [51] [52] . The latter could be related to Ruderman-Kittel-Kasuya-Yoshida (RKKY) and super-exchange interactions mediated by sp electrons at the Fermi level 51, 53 . It should be mentioned that the nearest Mn-Mn ex distance is significantly smaller than the intra-sublattice Mn-Mn distances such that a direct AFM exchange is more likely in this case.
Within the cubic phase, the FM couplings between nearest neighbors Mn and Ni/Co spins dominate the magnetic exchange interactions and the effective magnetic interactions for distances up to one lattice constant is ferromagnetic.
For the cubic structure, the ferri 1 state is only 30 meV/f.u. less favorable than the FM state. In the FM state, Mn-Co and Mn-Ni spins are aligned nearly parallel and flipping the spin is costly due to the strong FM interactions, resulting in a high T C . Less energy is needed to turn the spins, resulting in a lower T C , for the ferri 1 reference state as the effective FM interactions are reduced by a factor of about ten, cf. Fig. 3 (b) -(c).
Tetragonal distortion (c/a > 1) modifies the MnMn ex distances and the AF interactions between Mn and Mn ex atoms increase, destabilizing the FM spin alignment 54 . First, there is the strong direct AF interaction between Mn ex and Mn. In addition, the Mn-Mn distances along c/in c planes increase/decrease inducing additional FM/AF interactions, which stabilize the mix 1 phase. The approximate collinear spin configuration of this phase is illustrated by arrows in Fig. 1 . In each c layer, Mn-Mn and Mn ex -Mn ex spins are aligned parallel, whereas the Mn spins along c and the Mn and Mn ex spins in each c layer are aligned antiparallel. Subsequent ab initio simulations reveal that the mix 1 state, which has been overlooked so far, is the most favorable state also for the supercell simulations at T = 0 K, see Tab. I. In the Monte Carlo simulation we use at least 1728 Mn spins and allow for non-collinear spin alignments resulting in a vanishing magnetization. In our ab initio simulations we use a supercell with 16 atoms resulting in one uncompensated Mn spin per cell. In addition, we do not allow for the non-collinear alignment of Ni and Co spins resulting in spin moments of 0.1 µ B (0.5 µ B ) for each Ni (Co) atom. We obtain a magnetic moment of 1.2 µ B /f.u. for the approximated mix 1 state.
PHASE DIAGRAM UNDER CONSTRAINED MAGNETIZATION
The magnetism of Ni 7 CoMn 7 Sn is dominated by Mn atoms which carry the largest moments and contribute most to the magnetic exchange interactions, whereas the magnetic characteristics of Ni and Co are mainly induced by the Mn environment. For instance, the Mn-Co interactions increase from about 6 meV to about 15 meV between ferri-and FM Mn neighborhood. In addition, Ni (Co) moments vary between ≤0.1 µ B (0.8 µ B /atom) and 0.6 µ B (1.5 µ B /atom) in the ferri 1 and FM phases, respectively. The same dominance of Mn has been found in various Mn-based Heusler alloys, e.g. in Refs. 5, 53 . Due to the central role of Mn for the magnetism in this compound we have in a first step studied an artificial compound placing Mn on all four sublattices of the Heusler system.
First insight: The pure Mn system
In the five allotropic phases of Mn, spin moments of about 3.5 µ B /atom (high-spin), 1-2 µ B /atom (low-spin), and 0 µ B (quenched) exist 35, 55, 56 . In the following the terms high-spin and low-spin are used for the corresponding local Mn moments. Figure 4 shows the energy landscape of pure Mn constrained to the cubic lattice structure and lattice constant of Ni 7 CoMn 7 Sn for different spin alignments. We adopt the nomenclature used for Fe-Rh 57 for the different states: AF1 for AF coupling between adjacent layers, AF3 for AF coupling along all three cartesian directions, and AF1 2 for AF double layers, see Fig. 4 Fig. 4 ) are first quenched, reverse their sign, and finally the FM state is reached. Similar to FeRh, the most favorable state is AF3 with M tot = 0. For the configuration AF1, we also find a local energy minimum at M tot = 4µ B /f.u. and ∆E = 21 meV/f.u, with alternating high-and low-spin Mn spins. This configuration turns out most favorable in KKR-CPA simulations without constraints on M tot . If all Mn spins are aligned parallel, only one local energy minimum is found, the FM low-spin state at 4.4 µ B /f.u. and ∆E = 440 meV/f.u., which is also confirmed by KKR-CPA simulations.
As there is a strong magneto-volume coupling in Mn, the magnetic energy landscape changes considerably, if the lattice constant is optimized for the different values of M tot as illustrated for the AF1 2 phase in Fig. 5 . At M tot = 0, a systematic decrease of the Mn spins can be found under compression. The system gains 70 meV/f.u. in the relaxed low-spin state ("2" in Fig. 5) . Globally, the FM low spin-state ("1" in Fig. 5 ) is most favorable and the energy landscape is rather flat with respect to reduction of the Mn moment in the FM phase (see arrow in Fig. 5 ).
In summary, already pure Mn shows various metastable spin configurations, with local low-spin moments (small volume) or high-spin moments (large volumes). While the FM low-spin state is the global minimum for all lattice constants, the AF high-spin configurations are more favorable if the system is constrained to the lattice constant of Ni 7 CoMn 7 Sn . 
The magnetic energy landscape of Ni7CoMn7Sn
The influence of the lattice constant on the energy landscape of Ni 7 CoMn 7 Sn is less pronounced as Ni, Co, and especially the non-magnetic Sn atoms do not show any magneto-volume effect. In contrast to pure Mn, we do not find favorable low-spin states at modified lattice constants and the influence of the magnetic states on the lattice constant is reduced. For example, for the ferri 1 phase, relaxation of the lattice constant for M tot between 0 and 10 µ B /f.u results in an energy gain in the range of 0.3 meV/f.u., while the change in the lattice constant is below 0.1%, only. The largest changes can be found for the cubic FM phase (the lattice constant increases by 0.4%, local Mn moments increase by 0.2 µ B /atom, and the energy is reduced by 6 meV/f.u.) and for the tetragonal mix 1 phase (the lattice constant ist reduced by 0.6%, local Mn moments decrease by 0.5 µ B /atom, and the energy is reduced by 8 meV/f.u.). However, neither of the energy landscape nor the trends of the magnetic states discussed in the following are modified, cf. also Table I. So far, FM and ferri 1 phases have been discussed in literature 15 and the additional mix 1 phase found by MC simulations for c/a = 1.28 has been discussed in Sec. 2. Other than for pure Mn, see previous section, the FM state is energetically most favorable for c/a = 1 due to the FM (Ni,Co)-Mn interactions. Notably, there are many other (meta-)stable magnetic states. For larger values of Mtot the spin configuration approaches the FM state, cf. Fig. 4 (a) . The global energy minimum is the FM low spin state "1". Energy contours are given in steps of 20 meV/f.u. relative to state "1".
transition of about 550 K. Simple combinatorics leads us to expect mod
local minima of the energy landscape, with N the number of Mn atoms in the cell. Indeed, test simulations with a doubled supercell, see (*) in Table I , result in additional minima with comparable total energies. Thus, an energy continuum with vanishing energy barriers for thermally or magnetic-field induced spin flips and a mixture of different magnetic phases is likely at ambient temperatures without external field. However, rather small magnetic fields are sufficient in order to align all spins in the FM phase with high magnetization. This is a unique feature of Ni-Mn-Sn based Heusler alloys, cf. the discussion on Ni 50 Mn x Sn 50−x in Ref. 47 . Also, the different metastable magnetic phases may contribute to the large thermal hysteresis and the irreversible effects, or they may act as nucleation sides for the martensitic transformation. Figure 8 illustrates the coupling between tetragonal distortion, magnetic moments, and total energy for different (meta-) stable states. The magnetic moments in the different configurations are rather insensitive to the tetragonal distortion, i.e. even the largest change found for the FM phase is 0.7 µ B /f.u. In contrast, the relative energies of the different spin configurations change drastically with the tetragonal ratio. The largest energy change is found for the mix 1 configuration. While this phase is 88 meV/f.u. higher in energy than the FM state for c/a = 1, it is the global energy minimum for c/a ∼ 1.3 and already for c/a > 1.06 this magnetic configuration is most favorable. We note that the finite magnetization found is an artifact of the small simulation cell and the disregard of non-collinear spin alignments, cf. Sec. 2, and thus an AF ordering has to be expected for small tetragonal distortions.
For c/a = 1.3, the FM state is least favorable with an energy difference of about 390 meV/f.u. compared to the mix 1 state. Thus, for a fixed tetragonal distortion, the AF state would be stable up to high magnetic fields. However, the transition between the AF and FM state is related to the structural phase transition. If we let the system relax in our simulations, the FM state always relaxes to the cubic structural state. This structural transition reduces the energy difference between both magnetic phases by a factor of nearly two. As the magnetic energy is vaguely connected with the squared field strength, the structural phase transition considerably reduces the magnetic field strength needed to induce the FM phase. We note that the actual energy needed in order to switch between both magnetic states is drastically overestimated by simulations at T = 0 K. For example, it has been shown experimentally, that the field needed to induce the magneto-structural transition in Ni-Mn-In increases by a factor of 4 if the system is cooled down to 4 K 58 . In addition, we do not account for non-collinear magnetic states or magnetic excitations, which may further reduce the magnetic field strength.
In summary, there exists a rich energy landscape of different magnetic states in Ni 7 CoMn 7 Sn which are con- nected by Mn spin flips. For a bulk-like sample a continuum of different such states has to be expected for the cubic phase. Smallest tetragonal distortions may destabilize the FM state and the AF state with c/a ∼ 1.3 is most favorable.
CONCLUSIONS AND OUTLOOK
We have investigated the magnetic energy landscape of (Ni, Co)-Mn-Sn (Ni 7 CoMn 7 Sn) by means density functional theory simulations using the fixed spin moment approach. To gain further insight in the complex magnetic structure the ab initio results have been mapped on a Heisenberg model and which has been analyzed by Monte Carlo simulations. From this we find a complicated AF spin structure for the low-temperature tetragonal state with its Neél temperature well above the martensitic transition temperature. This spin structure is also most favorable in the ab initio simulations and can be related to the oscillating magnetic exchange interactions between Mn atoms in the tetragonal lattice. Similar oscillating magnetic exchange interactions have been found for various Ni-Mn based Heusler alloys in literature. Thus, the appearance of similar complex AF structures may be a general feature and should be taken into account in fu-ture investigations. For the cubic phase we found a transition between the paramagnetic and an ordered magnetic phase above the martensitic transition temperatures and thus a jump in the magnetization of the material and an inverse MCE are likely. In addition, we have shown that the cubic structure possesses a rich energy landscape with infinite many local energy minima for different spin alignments. The energy for the flip of single Mn spins is small in the Mn-rich frustrated system. Already pure Mn shows similar intrinsic properties for the constraint volume. However, in pure Mn, relaxation of the lattice constant stabilizes Mn-low spin phases, instead. In the Heusler alloy, the Ni, Co, and Sn atoms stabilize a lattice constant which is too large for stable low-spin states. In addition, the Mn-Ni and Mn-Co interaction induces additional FM interactions to the system allowing for a FM phase with high magnetization for the chosen alloy composition. The dense energy landscape may explain various experimental results. Even for the fixed ordering and composition different magnetic phases are of similar energy and under slight variations of the stoichiometry or maybe thermal fluctuations, large changes in the overall magnetization are possible. In Ref. 59 Fukuda et al. associated the time-dependence of the martensitic transformation in Ni 45 Co 5 Mn 36.5 In 13.5 with thermally activated cluster formation as nuclei of martensite with cluster sizes of (5 nm) 3 . These clusters or more precisely their formation, can be thought of as being triggered by the different magnetic configurations of the Mn-rich Heusler alloy. The present calculation gives a hint of such magnetic cluster configurations. Although magnetic clusters could in principle be simulated in large supercells this would be very time consuming calculations which we leave for further studies. ciple distinguishable. In addition, the symmetry of the system is further reduced if individual Mn spins are reversed. While the energy difference between different realizations of the ferrimagnetic states is negligible (below 0.01 meV/f.u.) for c/a = 1, the E(M tot ,c/a =1) curves split for ferri 2 , and ferri 3 , depending on the relative alignment of the magnetic phases and the tetragonal axis, see thin lines in Fig. 9 . For both states it is most favorable, if all Mn ex spins within each c plane are aligned FM due to the pronounced FM exchange interaction at these Mn distances, see Fig. 3 (c) . The same argument holds for the realization of the mix i phases. This state is least favorable for c/a < 1 as the increase/decrease of the Mn-Mn distances in the c-planes and along c is reversed compared to c/a > 1, cf. the discussion on the magnetic interactions in Sec. 2. Although, the energy of the phase can be reduced if the layers with FM coupled Mn, and Mn ex spins are aligned along the b or c axis, the energy difference with the tetragonal distortion is reduced compared to c/a > 1. Throughout the paper, we have taken the most favorable realization of each ferri i or mix i state into account for the results based on the supercell with 16 Atoms. We note that we did not perform systematic tests of different realizations of the ferri i phases in the doubled supercell (configurations * in Tab I). 
